b university of ;”g////; . —
L : e % niversity Medical Center Groningen
773 groningen g”,//

University of Groningen

Macroscopic Quantum Superposition in a Three-Josephson-Junction Loop

Wal, Caspar H. van der; Haar, A.C.J. ter; Wilhelm, F.K.; Schouten, R.N.; Harmans, C.J.P.M,;
Orlando, T.P.; Lloyd, Seth; Mooij, J.E.

Published in:
EPRINTS-BOOK-TITLE

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2001

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Wal, C. H. V. D., Haar, A. C. J. T., Wilhelm, F. K., Schouten, R. N., Harmans, C. J. P. M., Orlando, T. P.,
Lloyd, S., & Mooij, J. E. (2001). Macroscopic Quantum Superposition in a Three-Josephson-Junction Loop.
In EPRINTS-BOOK-TITLE University of Groningen, The Zernike Institute for Advanced Materials.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 20-06-2022


https://research.rug.nl/en/publications/a6e760b0-60f1-41e0-9523-e543b61334ee

MACROSCOPIC QUANTUM
SUPERPOSITION IN A
THREE-JOSEPHSON-JUNCTION LOOP

Caspar H. van der Wal!, A. C. J. ter Haar!, F. K. Wilhelm!,

R. N. Schouten!, C. J. P. M. Harmans!, T. P. Orlando?,

Seth Lloyd3, J. E. Mooij!?

lDepartment of Applied Physics and

Delft Institute for Micro Electronics and Submicron Technology (DIMES)

Delft University of Technology, P. O. Boz 5046, 2600 GA Delft, the Netherlands
2Department of Electrical Engineering and Computer Science and

3Department of Mechanical Engineering, MIT, Cambridge, MA 02139, USA

Corresponding author, e-mail: caspar@qt.tn.tudelft.nl

Submitted for the proceedings of the MQC2 workshop, Naples, June 14-17, 2000.

Abstract  We present microwave-spectroscopy experiments on two quantum levels
of a superconducting loop with three Josephson junctions. The level
separation between the ground state and first excited state shows an
anti-crossing where two classical persistent-current states with oppo-
site polarity are degenerate. This is evidence for symmetric and anti-
symmetric quantum superpositions of two macroscopic states; the clas-
sical states have persistent currents of 0.5 uA and correspond to the
center-of-mass motion of millions of Cooper pairs. A study of the ther-
mal occupancies of the two quantum levels shows that the loop is at low
temperatures in a non-equilibrium state.

1. INTRODUCTION

A Josephson supercurrent is a macroscopic degree of freedom in the
sense that it corresponds to the center-of-mass motion of a condensate
with a very large number of Cooper pairs [1]. Even though the Joseph-
son effect itself (with classical current and voltage variables) is often
called a macroscopic quantum phenomena, Anderson [1], Leggett [2]
and Likharev [3] discussed that a quantum superposition of Josephson
currents would be a "true" [3] manifestation of quantum mechanics at a
macroscopic scale. A simple system in which such a superposition can
be studied is a superconducting loop containing one or more Josephson
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tunnel junctions, where an external magnetic field is used to induce a
persistent current in the loop. When the enclosed magnetic flux is close
to half a superconducting flux quantum ®q, the loop may have multi-
ple stable persistent-current states. The weak coupling of the Joseph-
son junctions then allows for transitions between the states. At very
low temperatures, the persistent-current states are very well decoupled
from environmental degrees of freedom; excitations of individual charge
carriers around the center of mass of the Cooper-pair condensate are
prohibited by the superconducting gap. As a result, the transitions be-
tween the states can be a quantum coherent process, and superpositions
of the macroscopic persistent-current states should be possible (loss of
quantum coherence results from coupling to an environment with many
degrees of freedom [4]). Josephson junction loops therefore rank among
the best systems for experimental tests of the validity of quantum me-
chanics for systems containing a macroscopic number of particles [2, 5].
The potential for quantum coherent dynamics has stimulated research
aimed at applying Josephson junction loops as basic building blocks for
quantum computation (qubits) [6, 7, 8, 9].

We report in this chapter on microwave-spectroscopy experiments
that demonstrate quantum superpositions of two macroscopic persistent-
current states in a small loop with three Josephson junctions (Fig. 1,
this is the qubit system discussed in [8, 9]). At an applied magnetic
flux of %@0 this system behaves as a particle in a double-well potential,
where the classical states in each well correspond to persistent currents
of opposite sign (Fig. 1c). The two classical states are coupled via quan-
tum tunneling through the barrier between the wells, and the loop is a
macroscopic quantum two-level system. The energy levels vary with the
applied flux as shown. While classically the levels should cross at %@0,
quantum tunneling leads to an avoided crossing with symmetric and
anti-symmetric superpositions of the two macroscopic persistent-current
states. An inductively coupled DC-SQUID magnetometer was used to
measure the flux generated by the loop’s persistent current, while at
the same time low-amplitude microwaves were applied to induce transi-
tions between the levels (Fig. 2). We observed narrow resonance lines at
magnetic field values where the level separation AFE was resonant with
the microwave frequency. The level separation shows the expected anti-
crossing at %@0 (Fig. 3), which is interpreted as evidence for macroscopic
superposition states [10, 11]. A study of the thermal broadening of the
transition between the two states at %@0 shows that the loop is at low
temperatures in a non-equilibrium state (Fig. 4).

Note that we have a scheme in which the meter (the DC-SQUID)
is performing a measurement on a single quantum system. We should
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Figure 1 SEM-image (a) and schematic (b) of the small superconducting loop with
three Josephson junctions (denoted by the crosses). The loop is inductively coupled
to an underdamped DC-SQUID which is positioned around the loop. (c) Energy
levels and persistent currents of the loop as a function of applied flux ®ext. The
insets of the top plot show the double-well potential that is formed by the loop’s
total Josephson energy, plotted for a ®eyi-value below $®@¢ (left), at $®o (middle),
and above %cl)o (right). The horizontal axis for these potentials is a Josephson phase
coordinate. The loop’s two classical persistent-current states are degenerate at ®exy =
2 ®¢ (dashed lines). The quantum levels (solid lines) show level repulsion at this point,
and are separated in energy by AFE. The bottom plot shows the quantum mechanical
expectation value (Iq) = —OFE;/O0®Pcxt of the persistent current in the loop, for the
ground state (black) and the excited state (grey), plotted in units of I,.

therefore expect that the measuring process is limiting the coherence of
our system. While the system is pumped by the microwaves, the SQUID
is actively measuring the flux produced by the persistent currents of the
two states. Detecting the quantum levels of the loop is still possible
since the meter is only weakly coupled to the loop. The flux signal
needs to be built up by averaging over many repeated measurements on
the same system, such that effectively an ensemble average is determined
(time-ensemble). We measure the level separation, i. e. energy, rather
than flux, since we perform spectroscopy; we observe a shift in averaged
flux when the microwaves are resonant with the level separation. In our
experiment we also chose to work with an extremely underdamped DC-
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SQUID with unshunted junctions to minimize damping of the quantum
system via the inductive coupling to the SQUID.

A recent paper by Friedman et al. [12] reports on similar results ob-
tained from spectroscopy on excited states in a loop with a single junc-
tion (RF-SQUID). Previous experiments on RF-SQUIDs have demon-
strated resonant tunneling between discrete quantum states in two wells
[13, 14] and microwave-induced transitions between the wells [15]. Other
observations that have been related to macroscopic superposition states
are tunnel splittings observed with magnetic molecular clusters [16] and
quantum interference of Cgp molecules [17]. In quantum dots [18] and
superconducting circuits where charge effects dominate over the Joseph-
son effect [19, 20, 21] superpositions of charge states have been observed,
as well as quantum coherent charge oscillations [22].

A quantum description of our system was reported in Refs. [8, 9].
It is a low-inductance loop intersected by three extremely underdamped
Josephson junctions (Fig. 1), which are characterized by their Josephson
coupling Ej and charging energy Ec = e%/2C. Here C is the junction
capacitance and e the electron charge. The critical current of a junction
is Igp = Q—TL@EJ, where h = % is Planck’s reduced constant. One of the
junctions in the loop has Fj and C smaller by a factor # ~ 0.8. At
an applied flux @yt close to %@0 the total Josephson energy forms a
double well potential. The classical states at the bottom of each well
have persistent currents of opposite sign, with a magnitude I, very close
to Ico of the weakest junction, and with energies £ = £I,(Pext — %@0)
(dashed lines in Fig. 1c). We assume here ®qy to be the total flux in the
loop (the small self-generated flux due to the persistent currents leads
to a constant lowering of the energies, but the crossing remains at %@0).
The system can be pictured as a particle with a mass proportional to
C' in the Josephson potential; the electrostatic energy is the particle’s
kinetic energy. The charging effects are conjugate to the Josephson
effect. For low-capacitance junctions (small mass) quantum tunneling
of the particle through the barrier gives a tunnel coupling ¢ between
the persistent-current states. In the presence of quantum tunneling and
for Ej/Ec-values between 10 and 100, the system should have two low-
energy quantum levels Ey and F4, which can be described using a simple

2
quantum two-level picture [8, 9], Eo(1y) = —(+) \/t2 + (Ip(éext - %@@) .
The loop’s level separation AE = E1 — Ej is then

AE = \/(Qt)2 + (2]1)(%(t - %@@)2. (1.1)
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Figure 2 (a) Current-voltage characteristic (inset) and switching-current histogram
of the underdamped DC-SQUID. The Iy;as-level where the SQUID switches from the
supercurrent branch to a finite voltage state —the switching current Isw— is a measure
for the flux in the loop of the DC-SQUID. The histogram in the main plot shows that
the variance in Isw is much larger than the flux signal of the inner loop’s persistent
current, which gives a shift in Isw of about 1 nA. (b) The inset shows the modulation
of Isw versus the flux ®squip applied to the DC-SQUID loop (data not averaged, one
point per switching event). The main figure shows the averaged level of Isw (solid
line) near ®gquip = 0.76 @o. At this point the flux in the inner loop Pext = %@g.
The rounded step at Pext = %@o indicates the change of sign in the persistent current
of the loop’s ground state. In the presence of continuous-wave microwaves (here
5.895 GHz) a peak and a dip appear in the signal, symmetrically around %tl)o. The
background signal of the DC-SQUID that results from flux directly applied to its loop
(dashed line) is subtracted from the data presented in Figs. 3a and 4a.

2. EXPERIMENTAL REALIZATION

The system was realized by microfabricating an aluminum micrometer-
sized loop with unshunted Josephson junctions (Fig. 1la). The sample
consisted of a 5 x 5 pm? aluminum loop with aluminum-oxide tun-
nel junctions, microfabricated with e-beam lithography and shadow-
evaporation techniques on a SiOg substrate. The electrodes of the loop
were 450 nm wide and 80 nm thick. The DC-SQUID magnetometer was
fabricated in the same layer around the inner loop, with a 7 x 7 um? loop
and smaller Josephson junctions that were as underdamped as the junc-
tions of the inner loop. The DC-SQUID had an on-chip superconducting
shunt capacitance of 2 pF and superconducting leads in four-point con-
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figuration. The sample was mounted in a dilution refrigerator, inside
a microwave-tight copper measurement box, magnetically shielded by
two mu-metal and one superconducting shield. All spectroscopy mea-
surements were taken with the temperature stabilized at 30 £ 0.05 mK.
Microwaves were applied to the sample by a coaxial line, which was
shorted at the end by a small loop of 5 mm diameter. This loop was
positioned parallel to the sample plane at about 1 mm distance. Switch-
ing currents were measured with dedicated electronics, with repetition
rates up to 9 kHz and bias currents ramped at typically 1 @A /ms (fur-
ther details of the fabrication and experimental techniques can be found
in Ref. [23]). Loop parameters estimated from test junctions fabricated
on the same chip and electron-microscope inspection of the measured
device give I, = 450 £50 nA, 8 = 0.82+ 0.1, C = 2.6 £0.4 {F for
the largest junctions in the loop, giving Ej/Ec = 38 £8. Due to the
exponential dependence of the tunnel coupling ¢ on the mass (C) and
the size of the tunnel barrier, these parameters allow for a value for t/h
between 0.2 and 5 GHz. The parameters of the DC-SQUID junctions
were Igg = 109 £ 5 nA and C = 0.6 £ 0.1 fF. The self inductance of
the inner loop and the DC-SQUID loop were numerically estimated to
be 11 1 pH and 16 + 1 pH respectively, and the mutual inductance
between the loop and the SQUID was 7+ 1 pH.

The flux in the DC-SQUID was measured by ramping a bias cur-
rent through the DC-SQUID and recording the current level Igw where
the SQUID switches from the supercurrent branch to a finite voltage
(Fig. 2a). Traces of the loop’s flux signal were recorded by continuously
repeating switching-current measurements while slowly sweeping the flux
Oyt (Fig. 2b). The measured flux signal from the inner loop will be pre-
sented as Igw, which is directly deduced from the raw switching-current
data, as described in the following three points:

1) Because the variance in Igw was much larger than the signature from
the loop’s flux (Fig. 2a) we applied low-pass FFT-filtering in ®ey-space
(over 107 switching events for the highest trace, and 2 - 108 events for
the lowest trace in Fig. 3a).

2) By applying ®ey, we also apply flux directly to the DC-SQUID. The
resulting background signal (dashed line in Fig. 2b) was subtracted.

3) Applying microwaves and changing the sample temperature influenced
the switching current levels significantly. To make the flux signal of
all data sets comparable we scaled all data sets to Isw = 100 nA at
Doyt = %@0. Data taken in the presence of microwaves could only be
obtained at specific frequencies where Igw was not strongly suppressed
by the microwaves. At temperatures above 300 mK drift in the Igw-level
due to thermal instabilities of the refrigerator obscured the signal.
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Figure 8 (a) Resonance lines in traces of the scaled switching current fsw versus
Peyt, measured at different microwave frequencies f (labels on the right). (b) Half
the distance in ®cxt between the resonant peak and dip A®,.s at different microwave
frequencies f. Peak and dip positions are determined from traces as in Fig. 3a. The
inset zooms in on the low frequency data points. The grey line is a linear fit through
the high frequency data and zero. The black line is a fit of (1).

3. RESULTS

Figs. 2b and 3a show the flux signal of the inner loop, measured
in the presence of low-amplitude continuous-wave microwaves at differ-
ent frequencies f. The rounded step in each trace at %Q)O is due to
the change in direction of the persistent current of the loop’s ground
state (see also Fig. 1c). Symmetrically around ®ey = %Q)O each trace
shows a peak and a dip, which were absent when no microwaves were
applied. The positions of the peaks and dips in ®.y depend on mi-
crowave frequency but not on amplitude. The peaks and dips result
from microwave-induced transitions to the state with a persistent cur-
rent of opposite sign. These occur when the level separation is resonant
with the microwave frequency, AE = hf.

In Fig. 3b half the distance in ®e¢y¢ between the resonant peak and
dip A®, is plotted for all the frequencies f. The relation between AFE
and ®ey is linear for the high-frequency data. This gives I, = 484 £ 2
nA, in good agreement with the predicted value. At lower frequencies
AP, significantly deviates from this linear relation, demonstrating the
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Figure 4 (a) Isw versus Dexs, measured at different temperatures 7' (labels on the
right). No microwaves were applied. The step in Isw broadens with temperature. (b)
The width of the step as a function of temperature. The half-width-half-step (HWHS)
is defined as the distance in ®.yt from %‘I’o to the point where the amplitude of the
step is half completed. The solid line is the calculated HWHS for thermally mixed
levels, using (1) and the I, and t-value from the spectroscopy results, with a saturating
width on the scale of t at low temperatures.

presence of a finite tunnel splitting at Pexy = %@0. A fit to Eq. (1)
yields ¢/h = 0.33 & 0.03 GHz, in agreement with the estimate from
fabrication parameters. The level separation very close to %Q)O could
not be measured directly since at this point the expectation value for
the persistent current is zero for both the ground state and the excited
state (Fig. 1c). Nevertheless, the narrow resonance lines allow for an
accurate mapping of the level separation near %@0, and the observed
tunnel splitting gives clear evidence for quantum superpositions of the
persistent-current states. The large uncertainty in the predicted t-value
does not allow for a quantitative analysis of a possible suppression of ¢
due to a coupling between our two-level system and a bosonic environ-
ment [24] or a spin-bath environment [25, 26]. However, the fact that we
see a finite tunnel splitting indicates that the damping of our quantum
system by environmental degrees of freedom is weak. The dimensionless
dissipation parameter « introduced by Leggett et al. [24] must be o < 1.

The width of the rounded steps in the measured flux in Figs. 2b and
3a is much broader than expected from quantum rounding on the scale
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of the value of ¢ that was found with spectroscopy (see also Fig. 1c). The
temperature dependence of the step width presented in Fig. 4 confirms
that the step width HWHS (defined in the caption of Fig. 4b) is too wide
at low temperatures T'. At temperatures above 100 mK the step width is
in agreement with the thermally averaged expectation value for the per-

sistent current < Iy, >= I, tanh (%) (kg is Boltzmann’s constant),

where we use the level separation AE and I, found with spectroscopy.
However, when lowering the temperature the observed step width satu-
rates at an effective temperature of about 100 mK. We checked that the
effective temperature for the SQUID’s switching events did not saturate
at the lowest temperatures. The high effective temperature of the loop
is a result of the loop being in a non-equilibrium state. Cooling the sam-
ple longer after the dissipative switching events did not make the step
narrower. The step width at 7' = 30 mK was measured with 100 ps and
50 ms dead time between switching events, but no significant differences
were found. This indicates that the out-of-equilibrium population of the
excited state is caused by the measurement process with the SQUID
or other weakly coupled external processes, in combination with a long
time scale for cooling the system to equilibrium (as can be expected since
it is very well isolated from the environment). Note that the observed
line width and the level separation near %@0 are small compared to the
effective temperature of 100 mK. Silvestrini et al. [27] showed that this
can be the case in a Josephson junction system when the transitions
between the levels occur much faster than the thermal mixing time, a
phenomena that is also well known from e. g. room-temperature NMR
on liquids.

4. CONCLUSION

We have presented clear evidence that a quantum superposition of two
macroscopic persistent currents can occur in a small Josephson junction
loop. Even though the measuring DC-SQUID is contributing signif-
icantly to the decoherence of our system (see also Ref. [11]), it was
possible to detect the superposition states since the SQUID was only
weakly coupled to the loop. The present results demonstrate the poten-
tial of three-junction persistent-current loops for research on macroscopic
quantum coherence and quantum computation.
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